Multiple sclerosis (MS) is an organ-specific autoimmune disorder that is in part genetically determined. The gene encoding the ␣-chain of the IL-2 receptor, IL2RA, harbors alleles associated with risk to MS and other autoimmune diseases. In addition, IL2RA genetic variants correlate with the levels of a soluble form of the IL-2 receptor in subjects with type 1 diabetes and multiple sclerosis. Here, we show that the IL2RA genotypes differentially affects soluble IL-2RA (sIL-2RA) levels in MS cases vs healthy controls; the two variants associated with MS (rs12722489 and rs2104286) account for 15 and 18% of the total variance in log 10 -transformed sIL-2RA concentration in control subjects but less so in subjects with MS (2 and 5%), suggesting that perturbations associated with disease or treatment may influence sIL-2RA levels in subjects with MS. Whereas analyses demonstrate that sIL-2RA serum concentrations are a remarkably stable phenotype in both healthy controls and untreated MS subjects, a difference is observed between benign and malignant MS. These data indicate that, in addition to specific allelic variants at IL2RA, immunological perturbations associated with aggressive forms of the disease can influence sIL-2RA levels in serum of MS subjects. We also demonstrate, functionally, that sIL-2RA can inhibit IL-2 signaling, yet enhance T cell proliferation and expansion. In summary, we propose that before disease onset, strong genetic factors associated with disease risk dictate sIL-2RA levels that may be further modulated with onset of chronic systemic inflammation associated with MS.
M ultiple sclerosis (MS)
3 is an organ-specific autoimmune disorder characterized by chronic inflammation of CNS myelin where focal T cell and macrophage infiltrates result in demyelination and loss of neurological function (1) . There is systemic activation of the adaptive immune system characterized by activated T cells and of the innate system with activated dendritic cells (2) . Blocking T cell traffic from the circulation into the CNS with anti-VLA-4 mAbs has a strong effect on the frequency of acute neurological events (3) , which occur unpredictably in a remitting-relapsing pattern. In the peripheral circulation, increased levels of cytokine receptors, including the IL-2R ␣-chain, have been observed (4, 5) . Clinically, resolution of acute attacks or relapses is often followed by recurrent attacks and, over time, about one-half of the relapsing-remitting subjects will enter the progressive stage of the disease. This progressive phase may involve more degenerative rather than immunological changes, with a substantial degree of axonal degeneration present within the CNS (6) .
Susceptibility to MS is conferred by genetic as well as largely unknown environmental factors (1, 7) . The sequencing of the human genome has allowed large-scale whole genome association scans aiming at identifying risk alleles associated with risk to developing autoimmune disease. We identified single nucleotide polymorphisms (SNP) within genes encoding the IL-2R␣ (IL2RA), IL-7R␣ (IL7RA), CD58 (CD58) as well as other nonimmune related genes (8) . Of particular interest is the overlap among autoimmune diseases at some of these loci; for example, at IL2RA, a number of SNPs also contribute to risk to type 1 diabetes (T1D) (9) and Graves' disease (10) , indicating that some pathways are shared among autoimmune disease. In the IL2RA locus, variants not only associate with disease risk but also influence the levels of sIL-2RA in the serum (9) .
The IL-2/IL-2RA(CD25) pathway plays an essential role in regulating immune responses (11) . IL-2 is central for both expansion and apoptosis of T cells and soluble IL-2RA (sIL-2RA) binds IL-2 at a similarly low affinity as full-length IL-2RA (12) . Mitogen-and Ag-activated leukocytes release sIL-2RA into culture supernatants (13) . All or part of this release of sIL-2RA from activated immune cells involves proteolytic cleavage, and thus far, an mRNA encoding this isoform has not been identified. High concentrations of soluble IL-2RA chain are found in sera from healthy subjects but are elevated in subjects with autoimmune disease, inflammation, and infection (4, 5, 14 -17) , which is why sIL-2RA is thus considered to be a biomarker for immune activation in the peripheral blood (12) , . sIL-2RA, like many other soluble cytokine receptors (18) , can compete with cell surface IL-2RA for IL-2 binding and thus block IL-2 function, a hypothesis supported by a recent report that sIL-2RA inhibits the proliferative response of a murine CD8 ϩ T cell line cultured in the presence of high doses of murine IL-2 (19) . Although less likely, sIL-2RA might alternately complex with IL-2 and potentiate signaling, as has been demonstrated for sIL-6R-IL-6 (20) and sIL-15R-IL-15 complexes (19) . The IL-2-IL-2RA system is also central for the production and function of conventional and regulatory T cells, which are critical for maintenance of immunological self tolerance and prevention of autoreactive processes (21) . Thus, there are a variety of mechanisms by which sIL-2RA may influence T cell function, but its impact on the function of human T cells is presently unclear.
Here, we have characterized the levels of sIL-2RA in the serum of healthy controls and subjects with different MS subtypes and have examined the extent to which the sIL-2RA serum levels are related to the allelic variants that have thus far been associated with MS susceptibility. In addition, we provide in vitro evidence that the levels of sIL-2RA affect human T cell function, including both effector and regulatory T cells.
Materials and Methods

Healthy controls, subject cohorts, and disease definitions
Healthy control and MS subject samples were obtained through the Partners Healthcare MS Center (Boston, MA) as part of its MS Registry project, which is approved by the Partners Healthcare institutional review board. All subjects were older than 18 years of age and met criteria of either MS per the revised McDonald diagnostic criteria (22) , or clinically isolated syndrome as defined by a history of a single episode of inflammatory demyelination documented by a neurologist, lack of evidence for alternative diagnoses, and two or more periventricular or ovoid hyperintense T2 lesions of Ͼ3 mm on magnetic resonance imaging (23) . Untreated subjects are defined as having no disease-modifying treatment or steroids in the preceding 4 wk (steroids), 12 wk (glatiramer acetate, IFN-␤1a or -␤1b, and methotrexate) or 24 wk (Cytoxan and mitoxantrone). Progressive disease is defined as progressive functional decline with deficits lasting 6 mo or more. Disease subtype definitions. Primary progressive disease is defined as disease progression from onset without a history of an initiating clinical attack. Secondary progressive disease is defined as an initially relapsingremitting course followed by gradual progression with or without occasional relapses, minor remission, and plateaus. Relapsing-remitting disease is defined as disease characterized by clearly defined relapses with full recovery or with sequelae and residual deficit upon recovery. Periods between disease relapses are characterized by a lack of disease progression. Clinically isolated syndrome is defined as a single demyelinating event with a positive magnetic resonance imaging (two or more lesions Ն3 mm in diameter and characteristic of MS (e.g., periventricular or ovoid). Definition of benign and malignant disease course. All subjects have a remitting-relapsing course. Benign subjects are defined as having an Expanded Disability Status Scale (EDSS) of Յ1, excluding visual function, 10-15 years after first symptom or EDSS of Յ2, excluding visual function, Ͼ15 years after first symptom. Malignant subjects are defined as having an EDSS of Ն6 within 5 years of first symptom.
sIL-2RA measurement using ELISA
ELISA measurement of sIL-2RA was performed according to the manufacturer's recommendations (BD Biosciences). Serum samples were diluted 1/20 using PBS supplemented with 10% FBS. Microtiter plates were read using a Bio-Rad Benchmark microplate reader.
pSTAT5 phosphorylation analysis in ex vivo CD4
ϩ FoxP3 ϩ
T cells
Phosphorylation-state analysis was performed on human whole blood using BD Phosflow technology according to the manufacturer's instructions (BD Biosciences), and as previously described (24 
PBMCs and T cell isolation
PBMCs were isolated from heparinized venous blood by centrifugation over Ficoll-Hypaque (Amersham Pharmacia) according to standard methodologies. CD4 ϩ T cells, isolated by negative selection using immunomagnetic beads (Miltenyi Biotec) from PBMCs, were FACS sorted on a FACS ARIA (BD Biosciences) after staining for HLA-DR (PerCP, clone L243), CD62L (allophycocyanin; clone Dreg 56), CD32 (FITC; clone 3D3), CD14 (FITC; clone M5E2), and CD116 (FITC; clone M5D12), all from BD Pharmingen; and CD25 (peripheral blood; clone BC96 from BioLegend) to typically Ͼ98% purity in post-sort analysis. The FITC-labeled mAbs were used as a combined mixture to ensure that no accessory cells FIGURE 1. sIL-2RA serum levels in healthy controls and MS subjects. A, Longitudinal sIL-2RA measurements in healthy control subjects. Samples were obtained over a period of 12 mo. B, Longitudinal sIL-2RA measurements in MS subjects with relapsing-remitting disease course. Samples were obtained over a maximum period of 3 years. C, sIL-2RA measurement in 68 healthy control subjects vs 284 MS subjects. Difference between means was tested using a two-sample t test with unequal variance. A summary of demographic characteristics of study participants and storage duration of samples is given in Table I . The difference remained significant (p ϭ 0.0001) after adjusting for age, gender, and sample storage duration (data not shown).
were isolated in the target T cell population (
Cell culture
Cells were grown in serum-free X-VIVO15 medium (BioWhittaker). PBMCs, CD4 ϩ T cells, CD8 ϩ T cells, and monocytes were plated at 100,000 cells/well. CD4
ϩ DR Ϫ CD25 Ϫ CD62L high (Tresp) cells were plated at 2.5 ϫ 10 3 /well. T cell proliferation was assessed at 72 h by [ 3 H]TdR incorporation (1 Ci/well) on a beta scintillation counter. Activation-induced cell death (AICD) was measured by annexin V staining using the annexin V-PE apoptosis detection kit following the manufacturer's instructions (BD Pharmingen). Control Ig was purchased from R&D Systems.
Statistical analysis
Differences between means were tested using two-sample t tests or ANOVA, and adjustment for confound was completed using linear regression. When appropriate, a paired t test was used. sIL-2RA concentrations were log 10 transformed before analysis. Values of p Ͻ 0.05 were considered significant.
Results
Serum sIL-2RA levels in healthy controls and subjects with MS
We analyzed sIL-2RA levels from 14 healthy control individuals, for which longitudinal samples taken over a period of 12 mo were available. As shown in Fig. 1A , sIL-2RA level is a remarkably stable phenotype in healthy controls. We extended this analysis to 15 untreated MS subjects with a relapsing-remitting disease course. Between 4 and 10 serum samples were available for this collection and were obtained over a maximum period of 3 years. Little fluctuation in sIL-2RA levels was observed in the longitudinal measurements of individual subjects with MS (Fig. 1B) . However, some of the subjects with MS experienced marked transient elevations in sIL-2RA levels. Some of these elevations correlated with clinical or radiological evidence of disease exacerbations (data not shown). However, given the small number of such events, it is impossible to draw any conclusions as to the significance of these correlations. Furthermore, the subjects with relapsing-remitting disease course tested in this longitudinal study exhibited active disease, with multiple relapses a year.
Next, in a collection of 68 healthy controls and 264 MS subjects, we quantified serum concentrations of sIL-2RA. Consistent with previous findings (4, 5, 17) , we found that sIL-2RA levels are increased in MS subjects compared with healthy controls (mean sIL-2RA concentration in healthy controls, 2.022 ng/ml and 95% confidence interval, 1.852-2.192; mean sIL-2RA concentrations in MS subjects, 2.345 ng/ml and 95% confidence interval, 2.256 -2.435; p ϭ 0.9 ϫ 10 Ϫ4 ; Fig. 1C ). We determined the percentage of the observed variance in sIL-2RA levels that is due to the genotypes we have discovered in subjects with MS. For the two FIGURE 2. sIL-2RA serum levels in MS subjects categorized by disease subtype. A, Mean levels and 95% confidence intervals of sIL-2RA levels measured in subjects with primary progressive (PP), secondary progressive (SP), and untreated relapsing-remitting (RR) disease course as well as in untreated subjects with clinically isolated syndrome (CIS). Differences among groups were tested using an F test (p Ͼ 0.05). After adjusting for age, gender, and sample storage duration, similar results were obtained (p ϭ 0.084). B, Mean levels and 95% confidence intervals of sIL-2RA levels measured in MS subjects with benign and malignant disease. Difference between means was tested using a two-sample t test with unequal variance. The difference remained significant (p ϭ 0.03) after adjusting for age, gender, and sample storage duration. Disease definitions are provided in Materials and Methods. A summary of demographic characteristics of study participants and storage duration of samples is given in Table I . There is no overlap between the MS subjects tested in A and B. genetic variants that we have previously correlated with sIL-2RA levels, between 2 and 5% of the variance observed in the MS cases was due to IL-2RA chain genotype, whereas in the healthy control subjects, between 15 and 18% of the variance observed was due to the genotype. This led us to hypothesize that perturbations associated with disease or treatment may influence sIL-2RA levels in the MS cases because less of the variance in sIL-2RA levels could be explained by IL2RA variants in the MS subject collection than in the healthy control collection.
Severe MS disease course influences sIL-2RA levels, but treatment does not
To explore the role of clinical events in sIL-2RA expression, we studied a new set of subjects with MS; these individuals were not used in our prior genetic analysis of sIL-2RA levels. Specifically, sIL-2RA levels were quantified in 22 MS subjects with primary progressive disease, 44 MS subjects with secondary progressive disease, and 83 untreated MS subjects with a relapsing-remitting disease course along with 60 untreated subjects with clinically isolated demyelinating syndrome (subjects with a single episode of demyelination; Table I ). No significant differences among the four groups were observed ( p ϭ 0.13; Fig. 2A ). We then studied additional subjects with MS representing extreme forms of the disease, namely, 115 subjects with benign MS and 60 subjects with malignant MS. sIL-2RA levels were increased in subjects with the malignant form of remitting-relapsing MS ( p ϭ 0.027; Fig. 2B ).
We hypothesized that treatment of MS subjects may lower sIL-2RA levels. We thus measured sIL-2RA levels in a cohort of 15 subjects with MS for which pretreatment sera and up to 9 posttreatment serum samples obtained over a period of up to 4 years were available. No significant, prolonged effect of treatment was observed in this longitudinal study (Fig. 3 and Supplemental Fig. 1) . 4 Several patients experienced treatment changes over the course of the study period and/or received combination therapies. The effect of any specific treatment regimen on serum sIL-2RA levels will need to be investigated using larger sample sizes. In contrast to healthy controls or untreated MS patients, there was somewhat greater variability in sIL-2RA levels over time, which may be due to transient perturbation, disease activity, or a combination of these factors.
sIL-2RA inhibits IL-2-mediated signaling
We then explored a potential functional role for the sIL-2RA molecule given that little is known regarding the relevance of increased sIL-2RA levels in the pathogenesis of autoimmunity. sIL-2RA, like many other soluble cytokine receptors (18) , might compete with cell surface IL-2RA for IL-2 binding and thus block IL-2 function. Alternately, sIL-2RA might complex with IL-2 and potentiate signaling, as has been demonstrated for sIL-6R-IL-6 (20) and sIL-15R-IL-15 complexes (19) . However, the reported inhibition of proliferation of a murine CD8 ϩ T cell line cultured in the presence of high doses of murine IL-2 and human sIL-2RA (19) makes this alternative hypothesis less likely. 4 The online version of this article contains supplemental material. We studied the effect of sIL-2RA on IL-2 signaling in human T cells. Because phosphorylation of signal transducer and activator of transcription 5 (STAT5) is strongly induced upon T cell activation with IL-2 (25), we measured STAT5 phosphorylation upon stimulation with IL-2 in ex vivo human CD4 ϩ T cells. We used a flow cytometry-based phosphorylation assay (24) to detect STAT5 phosphorylation in response to IL-2 stimulation of T cells. As shown in Fig. 4A , the addition of sIL-2RA did not induce signaling in CD4 ϩ FoxP3 Ϫ T responder cells or CD4 ϩ FoxP3 ϩ regulatory T cells, which are characterized by high levels of IL-2RA cell surface expression. This indicated that sIL-2RA by itself does not exert agonistic function. In contrast, the addition of sIL-2RA strongly inhibited STAT5 phosphorylation in CD4 ϩ FoxP3 Ϫ T cells and moderately in CD4 ϩ FoxP3 ϩ T cells (Fig. 4B ). This result suggests that sIL-2RA is an IL-2 antagonist.
To examine whether sIL-2RA antagonism of STAT5 phosphorylation induced by IL-2 is due to the specific interaction of sIL-2RA, we used an IL-2 analog with a valine to arginine substitution at position 91. This analog has been shown to bind the IL-2 receptor without transducing signaling, effectively acting as an antagonist (34) . We reasoned that by preincubating sIL-2RA with the engineered IL-2 analog at equimolar concentrations, we could selectively neutralize the IL-2 binding capacity of sIL-2RA. In Fig. 4C , we demonstrate that the ability of sIL-2RA to antagonize STAT5 phosphorylation (Fig. 4B) is lost when it is preincubated with the IL-2 analog. Furthermore, the analog by itself antagonizes STAT5 phosphorylation (Fig.  4C ) Taken together, these data support the theory that sIL-2RA acts as an antagonist of IL-2 signaling through its ability to bind IL-2. A neutralizing anti-IL-2 mAb inhibited pSTAT5 signaling in a similar fashion to IL-2RA (Fig. 4D) .
sIL-2RA promotes T cell activation and expansion
We have confirmed the observation by others that many cell types in the peripheral blood (T cells, monocytes, B cells) produce sIL-2RA and that the production of sIL-2RA is positively correlated with activation and proliferative responses in vitro (data not shown). To study the influence of sIL-2RA on T cell activation and expansion, sIL-2RA was added to anti-CD3-stimulated PBMCs, and T cell proliferation was measured after 72 h. We observed increases in proliferation in the presence of sIL-2RA at all doses of anti-CD3 stimulation (Fig. 5A) . Analysis of eight healthy donors at an optimal amount of anti-CD3 mAb (0.5 g/ml) demonstrated a modest yet consistent increase in proliferation ( p ϭ 0.01 using a paired, two-tailed t test). Elevated levels of IL-2 can potentiate AICD (26), and we speculated that increased sIL-2RA levels might inhibit AICD by reducing levels of IL-2. To test this hypothesis, we used FACS to obtain highly purified responder (CD4 ϩ DR Ϫ CD25 Ϫ CD62L high ) T cells and then evaluated the influence of sIL-2RA on T cell expansion. Consistent with shortterm (3 day) effects of sIL-2RA on proliferative response, we found that T cell numbers were markedly elevated at day 14 in the presence of sIL-2RA (Fig. 5, B and C) , although we did not observe a significant difference in AICD as measured by annexin V staining (Fig. 5D ).
Discussion
Here, we characterized the levels of a biomarker of peripheral inflammation, sIL-2RA, in healthy controls and subjects with MS. It has been previously shown that genetic variants in the IL2RA locus correlate with the levels of sIL-2RA (9). Here we show that the IL2RA genotype more strongly affects sIL-2RA levels in healthy control subjects than in subjects with MS. Although longitudinal analyses demonstrated that sIL-2RA serum concentrations were a remarkably stable phenotype in both healthy controls and untreated MS subjects, a difference was observed between benign and malignant MS, indicating that in addition to specific allelic variants at IL2RA, immunological perturbations associated with extreme disease course can influence sIL-2RA levels. Whereas we observed that sIL-2RA at concentrations observed in sera can enhance the expansion and proliferation of CD4 ϩ T cells cultured ex vivo, sIL-2RA inhibited IL-2 signaling in CD4 ϩ FoxP3 ϩ T cells as measured by STAT5 phosphorylation. These data indicate that before disease onset, strong genetic factors associated with disease risk dictate sIL-2RA levels that are likely to modulate disease onset, potentially affecting the function of multiple lymphocyte subsets.
Our data agree with previous reports of increased levels of sIL-2RA in MS subjects compared with controls (4, 5, 17) . In our longitudinal analyses, sIL-2RA serum concentrations were found to be a remarkably stable phenotype in both healthy controls and untreated MS subjects with relapsing-remitting disease course. These data are contrary to what was previously observed in a small study of 60 MS subjects with relapsing-remitting MS and 33 healthy controls, which showed fluctuations over time (27) . Although no differences were observed in our collection of serum samples from subjects classified into the more commonly used categories of primary progressive, secondary progressive, and relapsing-remitting MS and clinically isolated syndrome, future studies with larger sample sizes might show subtle differences. We extended our study to subjects with different forms of MS and show a difference between the two extreme forms of MS, benign and malignant. These data indicate that in addition to specific allelic variants at IL2RA, extreme disease course may influence sIL-2RA levels in the serum of MS subjects.
A significant fraction of the variance in sIL-2RA is explained by the IL2RA variants tested thus far in healthy controls: the two variants previously associated with MS (rs12722489 and rs2104286) account for 15 and 18% of the total variance in log 10 -transformed sIL-2RA concentration in our healthy control collection, whereas only 2 and 5% of the variance are explained in subjects with MS. This is comparable with findings in a sample of 1351 T1D case plasma samples, where the 2 IL2RA variants (rs41295061 and rs11594656) accounted for 2.3 and 6.6%, respectively (9) . In this large sample of T1D case samples, the effect of various covariates (including subject age, disease duration, collection month of sample) on sIL-2RA plasma concentration was also assessed. The studied covariates were found to account for 11.3% of the total variance in log 10 sIL-2RA concentrations (9) . Thus, the contribution of other factors, including additional genetic variants in immune response genes, will need to be determined.
Upon activation and entry into cell cycle the IL-2RA molecule is proteolytically cleaved off the surface of many cell types, including T cells, B cells, and monocytes (13, 28 -30) . However, it is as yet unclear how different cell types respond to human sIL-2RA and what its potential immunomodulatory role may be. Our group first demonstrated that although the frequency of CD4 ϩ CD25 high regulatory T cells is normal, the cells are dysfunctional in subjects with MS (31) . Given the importance of IL-2 to regulatory T cell function and the potential for sIL-2RA to neutralize available IL-2, we hypothesized that genetic variants at IL2RA that correlate with sIL-2RA may act by modulating levels of IL-2 and thereby affect suppressor cell function and thereby inflammatory disease. We have demonstrated that sIL-2RA can enhance the proliferation/expansion of responder CD4 ϩ T cells (Fig. 5, A-C) . Recent findings suggest an autoregulatory feedback loop for IL-2, in which IL-2 inhibits its own production (32, 33) . Thus, the level of sIL-2RA may affect this autoinhibitory loop and hence IL-2 production. Moreover, it should be recognized that alterations in concentration or kinetics of production of sIL-2RA might affect both responder and regulatory T cells in the context of an autoimmune disease. In this regard, we observed an inhibitory effect of sIL-2RA on IL-2 signaling by CD4 ϩ FoxP3 ϩ T cells as measured by STAT5 phosphorylation.
As yet, three associations for T1D susceptibility that are independent of each other and two independent associations for MS susceptibility have been discovered. Despite clear associations and correlations between genetic variants in IL2RA and both autoimmune disease susceptibility (T1D, MS and Graves' disease; Refs. 8 -10) and sIL-2RA levels (9), correlating disease susceptibility and sIL-2RA levels is not trivial. In the original report of correlations between sIL-2RA levels and T1D risk alleles (9) , the SNP with the strongest association to T1D risk was not the SNP with the strongest correlation to sIL-2RA. Moreover, it was suggested that T1D risk alleles correlate with reduced sIL-2RA levels (9) . In contrast, we have shown that the MS risk alleles correlate with increased levels. 6 Indeed, a combined genetic and phenotypic analysis of T1D and MS alleles indicates that a novel IL2RA association with T1D harbors a risk allele that correlates with increased rather than decreased sIL-2RA levels). 6 These data also emphasize the value of comparative analysis of susceptibility loci in multiple autoimmune diseases. Thus, although many autoimmune diseases may share common susceptibility loci, it is apparent now that there may be both allelic and phenotypic heterogeneity within these loci among these diseases, including IL2RA (35) . These data indicate that the net level of sIL-2RA could be determined by several variants at IL2RA and that susceptibility to autoimmunity at the IL2RA locus will be defined by a complex interplay of many variants. Significantly, although IL2RA genotype is associated with several autoimmune diseases, the extent to which sIL-2RA influences, and is influenced by, these disease processes may differ.
Future large-scale studies will need to address the overlap and relationship between variants associated with disease risk and correlated with sIL-2RA levels. Even though we demonstrate a functional role of sIL-2RA on immune responses, sIL-2RA may not be the primary causal factor regulated by IL2RA genetic variants: given that sIL-2RA is a cleavage product of surface IL-2RA, an individual's sIL-2RA level may simply reflect of the individual's surface expression of IL-2RA or ability to up-regulate IL-2RA expression.
